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Abstract

We report the observation of the ��+
c state decaying into �0c�

+ with �0c !

�K
0
�
+
�
� or �K�

�
+
�
+
�
�. We have observed 47 � 11 candidate events for

the ��+
c state and measured its mass to be 177:1� 0:5� 1:1 MeV/c2 above the

�0c mass. We have also measured the �0c mass to be 2470:0�2:8�2:6 MeV/c2 .

PACS: 14.20.Lq
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Charm spectroscopy has provided important constraints for various models based

on QCD and lattice gauge calculations. The heavy charm quark mass allows mean-

ingful tests of these models to be made. These tests have been limited mainly to

c�c bound states and charmed mesons due to the comparatively low production rate

of charmed baryons. Excited charmed baryons, the topic of this paper, also pro-

vide rich information on the hadronic structure and on the forces governing that

structure.

In the ground state isodoublet of charmed strange baryons, the �+
c and �0

c , the

two light quarks are in a spin{singlet con�guration. The lowest excited states are

expected to be the JP = 1
2

+
�0

c states and the JP = 3
2

+
��

c states, in which the two

light quarks are in a spin{triplet con�guration. The very next higher excited state

is believed to be an orbitally excited state, that is, in which the two light quarks

are in spin{singlet con�guration but the diquark has an orbital angular momentum,

L = 1, with respect to the charm quark. Theoretical models[1] have predicted the

mass of the �0

c state to be below the threshold for the decay to �c�. If this is the

case, the �0

c must decay radiatively to the ground state through an electromagnetic

dipole transition. The ��

c state is expected to occur in the mass range 2640{2690

MeV/c2 , which is massive enough to decay to the ground state by emitting a pion.

The lowest orbitally excited state is predicted to occur at around 2760 MeV/c2 or a

higher mass.

In recent years, there has been some progress in the charmed strange baryon

spectroscopy. The WA89 collaboration at CERN presented preliminary evidence of

the decay �0

c
+ ! �+

c , at a mass di�erence of about 95 MeV/c2above the �+
c mass[2].

The CLEO collaboration recently presented evidence of the decay �0

c
+;0 ! �c

+;0

and measured the preliminary mass di�erences M(�+
c ) �M(�+

c ) and M(�0
c) �

M(�0
c) to be 107:8�1:7�2:5 MeV/c2 and 107:0�1:4�2:5 MeV/c2 , respectively[3].

The CLEO collaboration also reported evidence of two narrow states decaying into

�c� and associated them with the ��

c states. They reported the two mass di�erences:

M(�+
c �

�)�M(�+
c ) = 178:2�0:5�1:0 MeV/c2 [4] andM(�0

c�
+)�M(�0

c) = 174:3�
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0:5� 1:0 MeV/c2 [5]. More recently, the same collaboration claimed an observation

of an orbitally excited state, the JP = 3
2

�

�+
c1 state with L = 1, of the �+

c baryon,

which decays into ��0
c �

+ followed by the decay ��0
c ! �+

c �
�. They measured the

mass di�erence M(�+
c �

+��)�M(�+
c ) to be 349:4� 0:7� 1:0 MeV/c2 [6].

This letter presents evidence of the photoproduction of the ��+
c state decay-

ing into �0
c�

+, where the �0
c is reconstructed through its decays to �K

0
�+�� or

�K��+�+�� (throughout the paper, whenever a state is mentioned the charge con-

jugate state is implied) which have not been observed previously. We also report a

new measurement of the �0
c mass based on combining these two decay modes with

the ���+ decay mode reported previously[7].

The data for this analysis were collected by the high energy photoproduction

experiment E687 at Fermilab during the 1990{91 �xed target run. Charmed hadrons

were produced by the interaction of a photon beam with mean momentum about 220

GeV/c on a 4 cm long beryllium target. The charm decay products were detected

by a large aperture spectrometer which is described in detail elsewhere[8]. This

analysis made use of information from the charged particle tracking system and

the �Cerenkov counters for particle identi�cation. The tracking system consisted

of a high resolution silicon microvertex detector (SSD), �ve stations of multi{wire

proportional chambers (PWC's), and two analyzing magnets operated with opposite

polarity.

We �rst reconstructed the �0
c candidate via its decay into �K

0
�+�� or

�K��+�+�� using a candidate driven vertex algorithm[8], and then we combined

the �0
c candidate with an additional pion from the primary vertex to search for

the ��+
c state1. The � and K

0
were reconstructed through their decays � ! p��

and K
0 ! K0

S ! �+��, respectively. In each case, a pair of oppositely charged

1To search for the ��
c
states, we studied various decay modes, including all previously observed

ones, of the �0c and �+c baryons: p+X , � +X , �� +X , �+ +X , and 
� +X . The �K
0
�+��

and �K��+�+�� decay modes of the �0
c
were selected to measure the ��+

c
mass because only

they exhibit statistically signi�cant signals for either the ��+c or ��0c states.
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tracks was required to originate from a common vertex. In the � reconstruction, we

identi�ed the higher momentum track as the proton candidate and required it to

be consistent with a proton �Cerenkov hypothesis. No particle identi�cation require-

ment was used for the daughter pion tracks of the K0
S candidate. The reconstructed

mass of the � (K0
S) candidate was required to be within 8.0 MeV/c2of the nominal �

(K0
S) mass[9]. The charged daughter tracks of the �0

c decay had to be reconstructed

in both the SSD and PWC systems. The kaon track was required to be consistent

with a kaon �Cerenkov hypothesis and the pion was required to be inconsistent with

the hypothesis of an electron, kaon, or proton.

All charm daughter tracks were required to extrapolate back to a single point

(the secondary vertex) with a con�dence level greater than 1%. The primary vertex

was reconstructed by intersecting the momentum vector of the �0
c candidate with

the remaining SSD tracks and by requiring the con�dence level to be greater than

1%. The primary vertex was constrained to be within the target volume and to be

upstream of the secondary vertex. The primary and secondary vertices were required

to satisfy two isolation criteria. The �rst isolation estimator (the primary vertex

isolation cut) was the con�dence level of the hypothesis that a track assigned to the

secondary vertex be consistent with being in the primary vertex. The other estimator

(the secondary decay vertex isolation cut) was the con�dence level that any track in

the event not already assigned in either vertex came from the secondary vertex. In

this analysis, we required these two vertex isolation estimators to be less than 80%

and 1%, respectively. No clear signal was observed in either the �K0
S�

+�� or the

�K��+�+�� invariant mass spectrum due to the large combinatoric background.

To search further, we looked for �0
c's resulting from the production of ��+

c 's

followed by decay to the �0
c through a pion emission. Correlation of this kind can

be extremely helpful in overcoming combinatoric background. Each combination

of �K0
S�

+�� or �K��+�+��, satisfying the selection criteria described above, was

combined with each �+ track in the primary vertex to search for a higher mass

state. The additional pion track was required to be consistent with a �Cerenkov pion
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hypothesis. For each �0
c�

+ combination, the mass di�erence, �M = M(�0
c�

+) �
M(�0

c), was calculated. In Figure 1{(a) we presented a scatter plot of the mass

di�erence �M versus the invariant mass of the �0
c candidate. The signal events

are clustered within the small box of the plot. The scatter plot was �t to a two

dimensional Gaussian signal, with �xed widths of 2.5 MeV/c2and 12.0 MeV/c2for the

mass di�erence and the �0
c invariant mass respectively as determined by our Monte

Carlo simulation, and a fully correlated two dimensional second order polynomial

background using a �2 method. The �0
c mass and the mass di�erence were found to

be 2473:8�3:4 MeV/c2 and 177:2�0:5 MeV/c2 in the �t. The statistical signi�cance

(S=
p
B) of the signal was found to be about 6.7 based on 40:7 � 8:2 signal events

above about 36 background events.

Selecting events within the two horizontal lines of the scatter plot, which satisfy

a �0
c mass cut, jM(�0

c) � 2470:3j < 24:0 MeV/c2 , we obtained the mass di�erence

�M distribution shown in Figure 1{(b), which shows a clear enhancement around

177 MeV/c2 . The mass di�erence distribution was �t to a Gaussian signal and a

second order polynomial background function using a maximum likelihood method.

A total of 47:3� 11:1 signal events above the background was found in the �t with

a mass di�erence of 177:1� 0:5 MeV/c2 and a signal width2 of 2:0� 0:4 MeV/c2 .

On the other hand, the two vertical lines of the scatter plot correspond to a

mass di�erence cut, jM(�0
c�

+) �M(�0
c) � 177:1j < 4:0 MeV/c2 , around the ob-

served (�0
c�

+) state. Selecting only candidates inside this region, the invariant mass

distribution of the �0
c candidate shown in Figure 1{(c) was obtained, which shows

a clear signal around 2470 MeV/c2 . The invariant mass distribution was �t to a

Gaussian signal, with a �xed width of 12 MeV/c2 as determined by Monte Carlo

simulation, and a second order polynomial background using a maximum likelihood

2Theoretical estimations of the intrinsic width of the ��+
c

state are in the range of a few

MeV/c2 [1] and the CLEO collaboration determined the width to be less than 3.1 MeV/c2 at 90%

con�dence level[5]. Our signal width was found to be consistent with our detector resolution for a

zero width particle.
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method. We found 45:5 � 9:7 signal events above the background and determined

the �0
c mass to be 2471:8� 3:6 MeV/c2 from the �t. The value is in excellent agree-

ment with the current world average of the �0
c mass[9]. The number of signal events

found in the �0
c invariant mass distribution agrees well with the excess yield in the

mass di�erence distribution and the �t to the two dimensional scatter plot. We,

therefore, believe that the signals in the mass di�erence and the �0
c invariant mass

distributions are strongly correlated and originate from a higher mass state (��+
c )

decaying to �0
c�

+.

Figure 2{(a) shows a scatter plot of the wrong sign mass di�erence (M(�0
c�

�)�
M(�0

c)) versus the invariant mass of the �0
c candidate, where the �

0
c candidate was

selected using the identical analysis cuts discussed above but combined with each ��

track in the primary vertex. No signi�cant enhancement around the signal region

appears. Only 1:5�4:4 signal events over about 37 background events were found by
the two dimensional �t described above. The wrong sign mass di�erence distribu-

tion (shown in Figure 2{(b)) and the invariant mass distribution of the �0
c candidate

(shown in Figure 2{(c)) do not show any signi�cant enhancement around the sig-

nal region. A �t to a Gaussian signal and a second order polynomial background

function yielded only 0:3� 0:1 signal events in the mass di�erence distribution and

1:1� 1:8 signal events in the �0
c invariant mass distribution.

We split the mass di�erence distribution and the �0
c invariant mass distribu-

tion shown in Figure 1 into the two decay modes. Figure 3{(a) and (b) show the

mass di�erence distributions respectively for the �K��+�+�� and �K0
S�

+�� de-

cay modes of the �0
c baryon, showing clear signal indications in both decay chan-

nels. Fits to a Gaussian signal and a second order polynomial background yielded

�M = 177:5 � 0:6 MeV/c2 and 26:5 � 8:0 signal events in the �K��+�+�� decay

mode, and �M = 176:6� 0:7 MeV/c2 and 19:8� 7:8 signal events in the �K0
S�

+��

decay mode. Figure 3{(c) and (d) show the �0
c invariant mass distributions sep-

arately for the �K��+�+�� and �K0
S�

+�� decay modes. Each invariant mass

distribution was �t to a Gaussian signal, with a �xed width of 12.0 MeV/c2 , and a

7



second order polynomial background. The �t yielded 26:3� 7:1 signal events in the

�K��+�+�� decay mode with the �0
c mass of 2471:8� 4:4 MeV/c2 and 18:9� 6:6

signal events in the �K0
S�

+�� decay mode with the mass of 2471:7� 6:0 MeV/c2 .

A careful and detailed study of the stability and behavior of the ��+
c and �0

c

signals was performed using several sets of analysis cuts. In the study we checked

the signal shape and event yield, the mass di�erence and the �0
c mass, and compared

them with Monte Carlo predictions. We found that our signals are not biased by the

choice of analysis cuts and that the evolution of the signal event yields as a function

of the analysis cuts is well reproduced by the Monte Carlo.

Systematic errors in the mass di�erence and the �0
c mass measurements were

estimated by two independent methods: the disjoint sample analysis and variations

in the �tting procedure. In the disjoint sample analysis, we �rst split our data

into two statistically independent subsamples and employed a slight variation of

the S{factor method proposed by the Particle Data Group [9] to separate true

systematic variations from statistical uctuations. The data were split into two

subsamples depending on the momentum, charge, decay mode, run periods, and

analysis cuts. The data were split into two subsamples of approximately the same

number of signal events by adjusting the cut parameter in question, while all the

other cuts were �xed at a reference value. The mass di�erence or the �0
c mass was

evaluated for each of the statistically independent subsamples and a scaled variance

was calculated; the split sample variance was de�ned as the di�erence between the

reported statistical variance and the scaled variance when the scaled variance was

larger than the statistical variance. In the split sample analysis, we noticed that the

mass di�erence can be shifted by 1.1 MeV/c2 at the most and the �0
c mass by 2.6

MeV/c2 .

Additional systematic e�ects related to variations in the �tting procedure (the

bin size, �t method, and background model) were also evaluated. First, we studied

the mass di�erence (the �0
c invariant mass) distribution for several di�erent bin

sizes, from 1 to 4 (from 8 to 12) MeV/c2 , and found that the mass di�erence

8



(the �0
c mass) measurement is not a�ected by the choice of histogram bin size.

Second, to estimate the e�ect of the �t method we compared the results obtained

by a maximum likelihood �t and a �2 �t using the same �t function, and found no

signi�cant di�erence between the two �t methods. We also investigated the e�ect

of �xing the signal Gaussian width in the �t, and found no signi�cant shift in the

mass di�erence and about 0.4 MeV/c2 shift in the �0
c mass. Third, we carefully

studied possible systematic e�ects originating from the background model. For this

study, we obtained the parameters of the background function3 by �tting the mass

di�erence (the �0
c invariant mass) distribution obtained by wrong{sign combination

events and the one obtained from the �0
c (��+

c ) sideband events, and used them

as a true background distribution in �tting the mass di�erence (�0
c invariant mass)

distribution. We also studied the mass di�erence (the �0
c invariant mass) distribution

using a background subtractionmethod, where two di�erent background distributions

were used: the one obtained from wrong{sign combinations and the other obtained

from the �0
c (��+

c ) sideband events. We found no meaningful uctuation in the

mass di�erence measurement resulted from the background model and about 1.3

MeV/c2 systematic shift in the �0
c mass. We found no signi�cant systematic shift in

the mass di�erence measurement and about 1.4 MeV/c2 systematic uctuation in

the �0
c mass measurement related to variations in the �tting procedure.

Combining all source of systematics in quadrature, we determined the total sys-

tematic error in the mass di�erence measurement to be 1:1 MeV/c2 and the one in

the �0
c mass measurement to be 3:0 MeV/c2 .

We assigned a conservative systematic error of 1:1 MeV/c2 in the mass di�erence

measurement and determined the mass di�erence to be 177:1 � 0:5 � 1:1 MeV/c2 ,

3We parameterized the background in the mass di�erence distribution using a second order

polynomial and two di�erent threshold functions: A � (�M �m�)
B
� exp(�C � (�M �m�)) and

A �(�M�m�)
0:5+B �(�M�m�)

1:5+C �(�M�m�)
2:5, where A, B, and C are free �t parameters,

�M is the mass di�erence, andm� is the pion mass. These two threshold functions were formulated

to vanish at the pion emission threshold. However, we used only a second order polynomial to

parameterize the background in the �0
c
invariant mass distribution.
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where the �rst error is statistical and the second is systematic. Our measurement is

about 1:7� higher than the recent CLEO measurement, 174:3�0:5�1:0 MeV/c2 [5].

We conclude that we have observed the same excited state, the ��+
c , of the �+

c

baryon as the CLEO collaboration. We quoted a conservative systematic error

of 3:0 MeV/c2 in the �0
c mass measurement and determined the �0

c mass to be

2471:8�3:6�3:0 MeV/c2 . Our measurement of the �0
c mass is in excellent agreement

with the current world average[9], while it is about 1:7� higher than our previous

measurement[7] determined using the �0
c ! ���+ decay mode. We reanalyzed the

�0
c ! ���+ decay mode after removing a minor bias found in our previous analysis.

Using the identical analysis criteria discussed in our previous paper[7], we obtained

the ���+ invariant mass distribution shown in Figure 4. Fitting to a Gaussian

signal and a second order polynomial background, we found the �0
c signal yield

and mass to be 39:8 � 10:9 events and 2467:5 � 4:3 � 5:5 MeV/c2 , respectively,

which are all consistent with our previous measurements. However, the statistical

error was determined to be larger than that in our previous measurement mainly

due to the worse signal{to{noise ratio. The systematic error was also found to be

underestimated in our previous analysis and was determined to be 5.5 MeV/c2 using

almost identical techniques discussed in this paper. Combining the two independent

measurements, we determined the �0
c mass to be 2470:0� 2:8� 2:6 MeV/c2 .

In conclusion, we con�rm the existence of the ��+
c state decaying into �0

c�
+. We

have identi�ed two previously unobserved decay modes of the �0
c baryon: �K

0
�+��

and �K��+�+��. We have measured the mass di�erence M(��+
c ) �M(�0

c) to be

177:1� 0:5� 1:1 MeV/c2 and the �0
c mass to be 2470:0� 2:8� 2:6 MeV/c2 .
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Figure 1: (a) shows a mass di�erence, M(�0
c�

+)�M(�0
c), versus M(�0

c) scatter plot

for �0
c ! �K0

S�
+�� and �K��+�+�� combined: the mass di�erence is plotted on

the x{axis and the invariant mass of �0
c candidate on the y{axis. (b) shows the mass

di�erence distribution and (c) shows the invariant mass distribution of �0
c candidate.

The curve in each histogram is the best �t discussed in the text.
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Figure 2: (a) shows a wrong sign mass di�erence, M(�0
c�

�)�M(�0
c), versus M(�0

c)

scatter plot for �0
c ! �K0

S�
+�� and �K��+�+�� combined: the mass di�erence

is plotted on the x{axis and the invariant mass of �0
c candidate on the y{axis. (b)

shows the wrong sign mass di�erence distribution and (c) shows the invariant mass

distribution of �0
c candidate. The curve in each histogram is the best �t discussed

in the text.
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Figure 3: The mass di�erence distributions and the �0
c invariant mass distributions:

(a) and (c) for �0
c ! �K��+�+�� decay, and (b) and (d) for �0

c ! �K0
S�

+��

decay. The curve in each histogram is the best �t described in the text.
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Figure 4: The ���+ invariant mass distribution. The curve is the best �t described

in the text.
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